ABSTRACT: Fishers have exploited the associative behavior displayed by several pelagic fish species with floating objects for decades, through the use of man-made fish aggregating devices (FADs), which facilitate the capture of such species. However, our understanding of this associative behavior and its adaptive value is poor and the scientific community is ill-equipped to provide fishery managers with science-based recommendations on the impacts of FADs on ecosystems. In an array of 13 anchored FADs around Oahu, Hawaii, USA, 72 yellowfin tuna Thunnus albacares were equipped with internal acoustic tags, which facilitated the continuous monitored of their presence and absence around each FAD using automated acoustic receivers. Data were analyzed using survival curves with the objective of determining the behavioral dynamics of fish joining and leaving the FADs. Residence times at FADs were characterized by 4 behavioral modes: briefly passing near a FAD (average 13.1 min), short association (average 2.9 d), and 2 long association behaviors (13.8 and 23.2 d, respectively). Statistical analyses suggest that different behavioral modes were likely dependent upon local conditions around the FAD at a given time (environmental factors or social interactions). We observed 2 behavioral modes for absence times from FADs: short (2.8 d) and long (infinite). More importantly, individuals exhibited behavioral variability, switching between short and long residence times at FADs. This suggests that large pelagic fish can display a range of behavioral responses while in an array of FADs, challenging the common hypothesis of a single behavioral pattern, which could ultimately lead to an ecological trap. Survival curves were best fitted with exponential models, suggesting that underlying behavioral processes were time independent.
INTRODUCTION
Many tropical pelagic fish species such as yellowfin tuna Thunnus albacares, bigeye tuna T. obesus, skipjack tuna Katsuwonus pelamis, dolphinfish Cory phaena hippurus, wahoo Acanthocybium solandri, silky shark Carcharhinus falciformis and oceanic white tip C. longimanus sharks are known to associate with floating objects (Castro et al. 2002) . Different hypotheses have been advanced to explain why different species associate with floating objects, but for most species the reasons remain unclear. Among these hypotheses, the most commonly accepted are the indicator log hypothesis (Hall 1992) , where natural floating objects could be used by fish as indicators of productive areas, and the meeting point hypothesis (Dagorn & Freon 1999 , Freon & Dagorn 2000 , where fish make use of floating objects to increase the encounter rate between individuals to form larger schools.
Initially, this associative behavior must have evolved around natural floating objects (i.e. logs). In the past 3 decades, fishermen have taken advantage of this behavior by building and deploying manmade floating structures called fish aggregating devices (FADs) for attracting and concentrating pelagic fish . A large portion of the world's catches of tropical tunas come from fish associated with floating objects. FADs can be moored in coastal areas and utilized by artisanal fisheries or deployed in the open ocean and exploited by distant water purse seine fisheries. These large-scale fisheries deploy thousands of drifting FADs which in all likelihood modify the pelagic habitat. Concerns have arisen regarding the impacts of such habitat modification on pelagic fish at both individual and population level (Marsac et al. 2000 , Menard et al. 2000 , Hallier & Gaertner 2008 .
In order to better understand this associative behavior, its adaptive value and assess the effects of FADs on the ecology of fish stocks, it is important to first determine the amount of time that fish remain associated with a floating object. Residence time is defined as the amount of time spent in a particular location and provides a relevant and robust signal for investigating space usage patterns (Barraquand & Benhamou 2008) . The recent progress in electronic tag technology has allowed marine biologists to collect large amounts of data on the movements and behavior of fish. Active acoustic telemetry, for instance, has been successfully applied to the study of tropical tunas near anchored FADs, providing information on movements, residency patterns and orientation capabilities of FAD-associated tunas (Cayré & Chabanne 1986 , Holland et al. 1990 , Brill et al. 1999 , Girard et al. 2004 . Passive acoustic telemetry experiments have been conducted to collect information on tuna behavior (e.g. movements, residency) in arrays of anchored FADs over long time scales (Klimley & Holloway 1999 , Ohta & Kakuma 2005 , Dagorn et al. 2007 ). Despite the growing literature on tuna-FAD relationships, many questions still remain regarding the associative behavior of tunas. In particular, it is not known if tuna display different behavioral patterns (e.g. residence times) at FADs. Some studies (e.g. Hallier & Gaertner 2008) consider that a tuna has the same probability of associating with a FAD, irrespective of the quality of the surrounding oceanic environment. In other words, the duration of an association event would primarily be dictated by the presence of a FAD and not by the environmental conditions around the FAD. If this is the case, FADs could likely act as ecological traps (Marsac et al. 2000 , Hallier & Gaertner 2008 . However, if tuna adapt the duration of their association with a FAD according to local environmental conditions, the interplay between FADs and local conditions would determine whether tunas could be trapped in arrays of FADs. As such, developing an understanding of the residence times of tuna at FADs (as well as their absence from FADs) is key important information in the investigation of the ecological trap hypothesis.
Using the statistical properties of the distribution of times that yellowfin tuna spent at, and away from, FADs in an anchored array, we aim to identify whether a single behavioral mode is followed, or if multiple patterns appear which may depend on the individual, the area (FAD) or the time period. Moreover, our study goes beyond the study of tuna at FADs and proposes an innovative approach based on the distribution of residence times (as opposed to the mean) to investigate behavioral variability in acoustically tagged animals.
MATERIALS AND METHODS

Experimental design
The island of Oahu within the main Hawaiian Island chain (USA) is surrounded by an array of 13 anchored FADs, identified by either 1 or 2 letters (Fig. 1) . All FADs were identical in structure and consist of a yellow surface buoy anchored using concrete blocks. An automated acoustic receiver (Vemco VR2, Amirix Systems) was attached to the mooring line of each of these FADs, ~20 m from the surface. Tagging was conducted at 5 FADs in the array (CO, HH, LL, R and S, Fig. 1 ). Tagging episodes are described in Table 1 . From September 2002 to January 2005, 72 yellowfin tuna (54 to 95 cm fork length, FL) were captured and tagged. The tagging procedure is the same as that described in Dagorn et al. (2007) . Coded Vemco V16 tags (69 kHz, V16-4H-R256, diameter 16 mm, length 68 mm, weight in air 24 g) were used for fish tagged from 2002 to 2004, and coded Vemco V9P tags (69 kHz, V9P-2H-S256, diameter 9 mm, length 47 mm, weight in air 6.4 g) for fish tagged in 2005. The ratio of the weight of the tag (in air) to the estimated weight of the fish was always < 0.5%. An external Hallprint 11 cm plastic dart tag was inserted through the pterygiophores of the second dorsal fin to maximize reporting of recaptures.
Ethical note
Fish handling procedures were in accordance with established best prac tices and were specifically approved by the University of Hawaii (Institutional Care and Use Committee -IACUC). The total time that a tuna was out of the water was < 2 min. No adverse effect was directly observed in this study or has ever been reported across all other studies carried out using this technique on similar sized tunas around the world (Klimley & Holloway 1999 , Schaefer & Fuller 2002 , Ohta & Kakuma 2005 , Da gorn et al. 2007 , Schaefer et al. 2007 ).
Residence and absence times
In order to characterize the behavior of tuna in an array of FADs, we focus on 2 main variables: (1) the time tuna spend associated with a FAD (hereafter referred to as continuous residence time, CRT) and (2) the interval of time between 2 consecutive associations with a FAD (hereafter referred to as continuous absence time, CAT). Ohta & Kakuma (2005) defined the CRT as the duration for which a tagged tuna was monitored around a FAD without an ab sence > 24 h, a definition also utilized by Dagorn et al. (2007) . We defined a CAT as the time between 2 consecutive CRTs greater than 24 h when the tuna re turned to the same FAD but with no minimum time if the fish moved from one FAD to another. We calculated the CRTs and CATs displayed by each tagged tuna during their stay in the array of FADs. In order to investigate the effects of location (a specific FAD) and time on the distributions of CRTs and CATs, we developed a coherent spatio-temporal statistical unit (SU) that is defined as the series of CRTs from several tuna that occurred at a single FAD (or, in the case of CATs, the periods between associations with FADs) during consecutive months of a given year. A CRT is assigned to the arrival month and year at a FAD. A CAT is assigned to the month and year at which the tuna leaves a FAD. A SU had to consist of a minimum of 10 events (CRTs or CATs) to be considered in this analysis. Following these criteria, 7 and 2 SUs of CRTs and CATs, respectively, were obtained from the dataset (Table 2) 
Comparison of SUs
We evaluated the probability of a tuna leaving a FAD (end of a CRT) or of re-associating with a FAD (end of a CAT). The survival function S(t) = Pr(T > t) is the probability that the duration of a CRT (probability of leaving a FAD) or a CAT (probability of joining a FAD) is greater than some specified value t, with T being a random variable denoting the duration of a CRT or a CAT. We used the Cox proportionalhazards regression model (Cox 1972) to compare the survival curves of the different SUs with the objective of identifying any homogeneous family of SUs. Homo geneous families were defined as groups of SUs that showed no statistical difference.
Modeling the survival curves
A survival curve was developed for each homogeneous family of SUs. We fitted and compared 3 models to each of these survival curves to identify which biological process (model) best explained the data using the Akaike information criterion (AIC, Akaike 1973) and a quantile-quantile plot. The first 2 models were single or multiple exponential distribution models where the probability of a tuna leaving or joining a FAD is time independent and the mean residence time being the inverse of the estimated probability density per unit of time. The third was a general power law model where the probability of a tuna leaving or joining a FAD would depend on the amount of time the tuna has spent at the FAD or between associations. Within a family of SU more than one behavioral mode could exist.
Behavioral variability
Initially, we tested whether a correlation existed between the length of CRTs and the length of the preceding or following CATs to investigate whether these 2 variables influenced each other. Then, we investigated whether the same individual could exhibit CRTs representing different behavioral modes. Finally, we selected individuals that exhibited a minimum of 5 CRTs to estimate the probability of displaying a particular behavioral mode and examine whether this probability was the same amongst individuals using a chi-squared test.
Statistical analyses were performed in R 2.9.0 (www. r-project.org/), using the survival library. We considered tests to be statistically significant at an α of 0.05.
The Supplement (www.int-res.com/articles/suppl/ m484 p239_supp.pdf) material in clu des detailed information on the equations fitted, statistical procedures used to investigate behavioral variability, and detailed results of model fitting and comparison.
RESULTS
Continuous residence times (CRTs)
The Cox model showed that the population of the 7 SUs of CRTs was not homogeneous (Wald test: n = 144, p = 1.13 × 10 (Table 3c ). The survival curves for these families were tested for best fit. For family (1), the AIC slightly favored the double exponential model (Table 4) . However, one behavioral mode produced by this model had a probability not statistically different from zero (and characterizing only 5% of the CRTs), while the probability of the second mode was similar to that produced by the single exponential model (Table S1 & Fig. S1 in Supplement 1). We therefore selected the single exponential model showing a single behavioral mode with a mean CRT of 23.2 d. For family (2), the AIC indicated that the single exponential model had the best goodness of fit (Table 4) , showing a mean CRT of 13.8 d (Table S2 & Fig. S2 in the Supplement). For family (3), the AIC suggested that the double ex po nential model provided the best fit to the data (Table 4 ). The first behavioral mode represented 64% of the CRTs with a mean duration of 2.9 d, while the second behavioral mode represented 36% of the CRTs with a mean duration of 0.009 d (13.1 min) (Table S3 & Fig. S3 in the Supplement). The 2 short behavioral modes (13.1 min and 2.9 d) were commonly found to occur simultaneously at the same FAD, whereas when the longer behavioral modes (13.8 or 23.2 d) were observed, they occurred in isolation.
Different behavioral modes were observed at different FADs during the same time period (FAD V and HH from March to June 2003, Table 3a ), suggesting that the time period was not the only driving factor. Furthermore, the characteristics of a specific FAD can also be excluded as different behavioral modes were observed at the same FAD during 2 distinct time periods (FAD R in 2002 and 2005, Table 3b ).
Continuous absence time (CATs)
The Cox model indicated that the 2 SUs were similar, forming 1 homogeneous family (Wald test: n = 109, p = 0.122, Table 3d ). The survival curve including the 2 SUs was tested for best fit. The AIC suggested that the double exponential model provided the best fit (Table 4) , whereas the data were poorly represented by both the single exponential and power law models. The first behavioral mode represented 93% of the CATs with a mean duration of 2.8 d, while the second behavioral mode represented 7% of the CATs with an extremely small probability of returning to a FAD (the probability was not statistically different from zero, Table S4 & Fig. S4 in Supplement 1). In addition, no relationship was ob ser ved between the length of CRTs and preceding or following CATs (Fig. 3) . 
Behavioral variability
To identify intra individual variability in behavior, it was necessary to combine the 4 observed behavioral modes of residency at FADs into 2 groups considered to be short (the 0.009 and 2.9 d behavioral modes) and long (the 13.8 and 23.2 d behavioral modes) CRTs, separated by the threshold of 5.5 d (the mean of all CRTs). As such, 48% of the tagged individuals exhibited both short and long CRTs. Moreover, the probability of performing a short CRT was similar for all individuals that displayed at least 5 CRTs (chisquare test: n = 9, p = 0.17). (Fig. 4a) . Tuna 139H0 exhibited the 4 behavioral modes during the time it spent associated with the array of FADs of Oahu. Yellowfin tuna 114H0 (74 cm FL) displayed 4 CATs: one very long of ca. 55.5 d, after which it re-associated with the array and displayed short CATs of ca. 1.5, 3.2, and 3.6 d (Fig. 4b) .
DISCUSSION
Acoustic telemetry provides data on movements and residence times and has been applied to a wide variety of species (Voegeli & Pincock 1996 , Heupel et al. 2006 ) including tuna (Ohta & Kakuma 2005 , Dagorn et al. 2007 . Through the mathematical framework of survival analysis we have extracted new information from this kind of data. In particular, our analysis facilitated the exposure of the underlying behavioral patterns responsible for the dynamics of FAD aggregations.
When the distribution of times tuna spent between 2 associations (CATs) was considered, 2 behavioral modes were observed, short (2.8 d) and long (infinite) irrespective of the period. The short mode likely represents the behavior of tuna that stayed within the array. The long mode is the result of very few observations where tuna returned to the array after extended periods of absence (roughly 2 mo). Even though these individuals returned, the probability of doing so was not different from zero (i.e. was equivalent to a final departure). All fish eventually left the array (data not included in the analysis), which also corresponds to infinite (very long) CATs. These 2 categories of CATs both correspond to the same behavioral mode: if a tuna returns after an extended period of absence or if it never returns at all, it is still displaying the same behavior.
Four behavioral modes are responsible for the continuous residence times displayed by tunas around FADs in Hawaii. One behavioral mode (mean of 13.1 min) corresponds to tuna briefly passing near a FAD without associating with it. The other modes correspond to real associations that were either short (mean of 2.9 d) or long (mean of 13.8 and 23.2 d, respectively). These behavioral modes of residency depended on the conditions surrounding a FAD during a particular time period, rather than a reflection of the intrinsic characteristics of a FAD, the time of year at which they occurred or the individual expressing them. The exponential distribution of survival curves also supports the idea that the conditions surrounding a FAD determine the duration of residency as several tuna displayed the same behavioral mode when associated with the same FAD during the same period. Our observation of several behavioral modes could be explained either through the existence of several behavioral phenotypes within the population (each fish exhibiting only 1 behavioral mode) or alter na tively, several modes within the behavioral repertoire of each individual. The sizes of the tuna monitored meant that they were not sexually mature -negating the need to consider spawning or mating behavior. Other key individual parameters may explain the spatio-temporal variability in the observed responses at FADs; however, these do not explain the intra individual variability in residency patterns highlighted by our results. Our results show that yellowfin tuna have the ability to change their behavior while in the array and do not support the existence of distinct behavioral phenotypes. The fundamental information we have shown is key for addressing the ecological trap hypothesis (Marsac et al. 2000 , Hallier & Gaertner 2008 . Hallier & Gaertner (2008) implied that a tuna has the same probability of associating with a FAD irrespective of the quality of the surrounding oceanic environment. As such, if FADs were located in a poor habitat they could have deleterious effects on fish that remain associated with them, leading to an ecological traps. However, our results show that a tuna's response to a FAD is not constant and depends on local conditions, challenging this common hypothesis of a single behavioral pattern exhibited by tuna during FAD associations.
Based on the data available, it was not possible to determine the factors that trigger one mode or the other. The best fitting models were always exponential in nature, which suggests that all behavioral processes share a common trait of independence from time. Identification of the underlying mechanisms and driving factors is far from trivial, especially when dealing with animals that occupy vast and difficultto-access environments. The conditions responsible for the time that tuna stay around a FAD could include local oceanic conditions, e.g. temperature and oxygen (Cayré & Marsac 1993 , Brill et al. 1999 , Schaefer & Fuller 2010 , prey availability (Musyl et al. 2003 , Ohta & Kakuma 2005 , Graham et al. 2007 , and the physiological states of tuna or the number of conspecifics in the association (Soria et al. 2009 , Capello et al. 2011 ). In the literature, satellite remote sensing data (SRS) are often used to investigate relationships between tuna abun dance (typically represented by CPUE) and mesoscale structures such as upwellings, eddies, or peaks of chl a. The scale of such structures far exceeds that of our study. Even if remote sensing data could be used to assess sea surface temperature differences at an appropriate scale, it is widely recognized that a key component of tuna habitat is the depth of the surface mixed layer and the ther mal and oxygen structure of the deeper water below it. None of these phenomena are amenable to re mote sensing. However, it can be reasonably assumed that oceanic conditions at a given period in time are the same at all sites in the study array. Moreover, Ohta & Kakuma (2005) could not find any effect of oceanographic conditions at FADs on the residence times of tuna, and suggested that biotic factors are likely to drive these associations. Monitoring the biotic factors, as well as the number of congeners aggregated around FADs, could be done from time to time, through appropriate acoustic surveys. However, current technology does not allow for the continuous monitoring of this environment, compatible with the time scales over which acoustically tagged tuna are monitored around FADs. An important finding from our study was the absence of relationships be tween CRTs and the preceding or following CATs, sugges ting that factors driving the duration of a stay at a FAD and the duration of the absence period are independent.
The identification of the factors that determine the movements of tuna have been the subject of decades of research by scores of scientists. Our study is one part of that overall effort. One valuable output of our work indicates that future field research should focus on the collection of simultaneous data. This should include data on the residence times of tuna at a FAD, the abundance of tuna at this FAD and the internal physiological states of individuals, along with data on the biotic environment surrounding the FAD (prey densities, presence of predators). This would require the development of new technologies, but is key to understanding this associative behavior more completely and for assessing the impacts of FADs on the ecology of tuna. Understanding the behavior of tuna whilst they are away from FADs is of equal importance. Double tagging (i.e. acoustic with archival tags) would provide insights into the factors driving the length of time between 2 associations and the motivations that lead tuna to associate with floating structures.
Our results on the exponential nature of the survival curves, the estimated proportion of the different behavioral modes and probabilities of a tuna joining or leaving a FAD provide information that can be used to model the dynamics of fish abundance at FADs. The methodology developed in our study can not only be used to develop a better understanding of the behavior of other fish species that associate with floating structures (> 300 species have been observed around floating objects, see Castro et al. 2002) , but also to investigate the underlying mechanisms responsible for patterns of residence times of any organism at a specific location. 
